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The fossil fuel dependency of Japan to suffice its energy requirement was about 
87.4% in 2017, and Japan is now attempting to reduce it to about 56% by the year of 2030. 
Still, most of it is about to be imported, and under such circumstances, Onagawa tight oil 
and gas formation in Akita basin of northeast Japan could be considered as a potential 
source for economical oil and gas extraction. According to the report “Assessment of 
Undiscovered Oil and Gas Resources in the Akita Basin Province, Japan, 2018” published 
by United States Geological Survey there are about 100 million barrels of oil, and another 
undiscovered 111 million barrels of oil and nearly 2.4 billion cubic meters of natural gas 
as to be explored. However, these formations are can only be accessed by unconventional 
methods, that is by horizontal drilling and hydraulic fracturing. 
The most important factor in hydraulic fracturing is the brittleness of the rock, 
which is estimated by various formulas unique to each formation (Zhang et al., 2016; 
Mews et al., 2019). However, tight oil and gas formations are not always found in brittle 
environments. With increasing depth, and burial conditions the shale formations show 
ductile character (Yuan et al., 2017). Moreover, shales and mud rocks with high clay 
contents creep as ductile rocks (Kohli and Zoback, 2013; Sone and Zoback, 2013, 2014). 
Because, the Onagawa formation can be found at depths of about 3~4 km, and it is in a 
reverse fault regime (Okamura et al., 1995), the approximate overburden stress of about 
100 MPa is the least principle stress. Therefore, these formations could easily run in to 
ductility principally due to their depth. On top of this depth effect, because of the various 
clay contents, time dependent creep deformation (viscoelastic creep) also lead these 
formations to isotropic stress conditions, hence to ductile behavior, either inhibiting the 
fracture propagation or resulting unexpected fracture formations. Apart from shale been 
found as these tight oil and gas formations, they are also found as caprock formations to 
reservoir rocks. Hence, it is necessary to investigate the fracture evolution in shale to 
understand the reservoir volume enhancement and cap rock integrity. As a result, this 
thesis is compiled of two main sections focusing the estimation of fracture evolution 
under increasing effective pressure and under increasing differential stress. 
 
Pressure dependence of elastic deformation at multiple contacts and estimation of 
contact state of thin cracks 
 
      Based on previously published relationships between the load and depth of 
penetration for various contact geometries, Nagumo (1963) showed that the first 
derivative of pressure with respect to the displacement (i.e. !"/!$, where " is the 
pressure and $ is the displacement at the contact) gives the pressure dependence of 
elastic deformation at single contacts. The derived relationships were given in a power-
law form and were shown that the single contact state, given by a pressure exponent, 
represents the pressure dependence. The derived relationships were in a similar form to 
another completely unrelated empirical elastic wave velocity relationship derived by 
Kobayashi and Furuzumi (1977). Hence, these relationships were compared. However, 
since Nagumo (1963)’s relationships were only applicable to single contacts, a new set of 
relationships for the multiple contact state was derived utilizing Archard (1953)’s method. 
The newly derived relationships for the multiple contact states and their comparison 
between the empirical relationship by Kobayashi and Furuzumi (1977), showed that the 
multiple contact state of fractures (%) in a fractured media can be quantitatively estimated 
by measuring the sonic wave velocity (& ) through that medium under increasing 
confining pressure and by the log transformation of Equation 1,  
 
&' = &)' + +",,																																																					(1) 
 
where, &)  and +  are the intrinsic wave velocity and a constant. From previously 
published elastic wave velocity data it was shown that the multiple cone contact state 
(% =	0.67) and multiple flat contact state (% =	0.5) represented the boundary values for 
the open and closed state of the fractures, respectively. The % > 0.67 represented open 
fractures and % < 0.5 represented closed fractures while 0.67 > % > 0.5 represented 
partially open state of the fractures. It was further verified that the multiple contact state 
is strictly effective pressure dependent, and governs the pressure dependence of elastic 










































Figure 1. Lithological control over the contact state variation. Contact state values 
estimated from Han (1986)’s velocity measurements at low pressures are represented by 
open markers and the high-pressure values estimated from Birch (1960) velocity 
measurements are represented by filled markers. At low pressures (< 20 MPa) the µ 
values from Han (1986) indicate that open cracks reach a closed state at 20 MPa (indicated 
by the arrow). The contact state values (µ < 0.5) for all samples above 20 MPa indicate 
crack closed state. Numbers in parentheses indicate the original sample numbers for 
velocity data in Han (1986). 
 
Indentation energy and its implication towards the multiple contact state of cracks  
 
Masuda et al. (2018) estimated the loop energy (Ur) for pyramidal indentation 
during loading and unloading from the equations 2 = 3456, and 2 = 3'($678 − 5)6, 
where, 2 , 5 , : , 34 , and 3'  are load, displacement, displacement exponent, and 
loading and unloading constants, respectively. In the estimations : was considered as 2 
since the previous indentation tests have shown that the load-displacement relationship 
for pyramidal indentations is quadratic. However, if m takes different values depending 
on the load displacement relationship for different shapes of indenters, then Ur is 
subjected to change, which suggests that m has a certain physical effect on the energy 
required to create an indentation. In Masuda et al. (2018) this behavior was not defined. 
Therefore, the energy required to create indentation by different indenter geometries were 
investigated. From the initial investigations on the single contacts it was identified that 
the single flat ended contacts required more energy than conical contacts. Similarly, for 
multiple contacts, the required energy to create indentations by flat indenters are larger 
than cone shaped indenters. Further investigations revealed an inverse relationship 
between the rate at which the elastic wave velocity is increasing and the required energy 
to create an indentation by various contact geometries. This behavior can be understood 
by the change in contact state. With the increasing pressure, as estimated by the velocities, 
the contact state gradually changes from conical shape to a flat shape. Hence, the 
estimated energy required to create indentation shows gradual increment. This increment 
in energy explains the reduced rate of change of velocity with increasing pressure. Thus, 
the inverse relationship between the rate of change of velocity and the energy requirement 
can be linked through the multiple contact state of fractures (Figure 2). 
 
 
Figure 2. The inverse relationship of the required energy and the rate of change of velocity. 
(a) Energy required for indentation at multiple contacts. As the pressure increase and the 
contact geometry changes, the required energy to create the indentation is increasing.  
(b) With the change in geometry and the increased required energy, the multiple contact 
state drops and the rate at which the contact state increase becomes smaller. 
 
Postmortem investigation of damage evolution in Onagawa shale deformed under 
various confining pressures by X-ray Computational Tomography 
 
In the second approach, fracture evolution under increasing differential stress 
was quantified from a postmortem investigation utilizing X-ray computational 
tomography (XCT). The samples used for this investigation were collected from Akita 
Gojome area and the samples were extremely fine grained and silicified (Qtz ~ 95 vol%) 
with very limited clay and total organic carbon (TOC) content (13 wt%). The collected 
samples deformed under brittle, ductile, and transition conditions by increasing the 
applied differential stress at a constant strain rate under various confining pressures 
(Figure 3).  
The deformed samples were later scanned in a commercially available X-ray CT 













































Figure 3. Mechanical behavior of Onagawa shale under various confining pressures. At 
confining pressure of 10 MPa the sample showed typical brittle behavior while at 50 MPa 
the deformation was localized to a single failure plane with stable slip after failure. At 90 
MPa the sample exhibit distributed deformation as strain hardening is observed with 
increasing differential stress.  
 
sample. The voxel values of the primary 2D scans were reversed and stacked to recreate 
the fracture network. Then, the density distribution of voxel values was used to investigate 
the evolution of fracture volume, surface area and aperture by thresholding at a constant 
voxel value interval.  
To quantify the fracture connectivity, the entropy from information theory 
(Buryakovsky et al., 2001) was used as given by Equation 2, 
 





where, ; is the entropy, and => is the probability of	any one of the total F voxels 
belonging to clusters in various size. To quantify the connectivity, obtained entropy 
values were transformed to the relative entropy (;G) which deviates between 1 and 0. 
The relative entropy of size distribution of fractures is closer to 1 when the fracture
 
 
Figure 4. The visualization of the fracture evolution in the samples deformed under confining pressures of, a) 10 MPa, b) 50 MPa, and c) 90 MPa. 
As the voxel range increase from left to right, the step by step evolution of the fractures is seen. The color bar indicates the change in the fracture 
volume as the rock reach the failure point. The voxel value range used to reconstruct each image is given by the threshold voxel value.
Pc = 10 MPa
Pc = 50 MPa
Pc = 90 MPa


































connectivity is minimum with a dense fracture distribution, and it is near 0 when the 
fractures are well connected. Successive thresholding showed that fracture nucleation, 
propagation, and coalescence can be visualized and quantified (Figure 4). The evolution 
of total fracture count, volume and surface area show a power-law growth towards the 
failure. Fracture connectivity is minimum near the beginning of the damage evolution and 
at the failure it is maximum. Added investigation showed that the fracture connectivity is 




From this two-fold study it was found that the fracture closure under increasing 
effective pressure and fracture propagation under applied differential stress can be 
quantified utilizing two methods. Fracture closure was quantified by parameter ! which 
is the multiple contact state, that gives the pressure dependence of the elastic deformation 
at multiple contacts. Fracture formation and propagation has been quantified by the 
relative entropy ("#) of the fracture size distribution. 
The multiple contact state is controlled by the pressure dependence of geometric 
and elastic properties of the contacts and show ! > 0.67 for open cracks and ! < 0.5 
for closed cracks while 0.67 > ! > 0.5 show the partly open state of cracks. The ! value 
is strictly effective pressure dependent which can primarily be used to show the state of 
a closing fracture, and it strictly controls the pressure dependence of elastic wave velocity. 
This effect can be seen clearly from the difference in the required energy to create 
indentation with various indenter geometries. With the increasing pressure, as the 
indenter geometry changes from multiple cone shapes to multiple flat shapes, the required 
energy increase significantly and the rate at which the velocity increase is reduced. Thus, 
showed the effect of fracture contact state on the pressure dependence of the elastic wave 
velocity. 
While the parameter ! was used to quantify the state of the closing fractures 
under increasing effective pressure, it is not feasible under differential stress where 
fractures open and propagate. With fracture opening, there is no pressure dependent 
elastic deformation at the contacts. As a result, the "# which varies between 0 and 1 was 
used to evaluate the fracture connectivity during fracture formation and propagation 
under increasing differential stress. It was shown that utilizing XCT and histogram 
thresholding the density distribution of the voxel values, the fracture formation and 
coalescence could be visualized. Further, the fracture distribution investigation at each 
threshold has shown the difference in fracture evolution under brittle and ductile 
conditions. The relative entropy which quantified the fracture connectivity showed that 
"#  becomes maximum with significant fracture formation and less connectivity and 
reach 0 as fractures coalescence and increase connectivity until failure. 
